Saccharomyces cereoisiae are analysed in relation to trehalose and glycogen storage. The defective trehalose and glycogen accumulation in strains which bear the glcl mutation results from abnormal activation of trehalase by a protein kinase which has partially lost its cAMP dependence. Cells bearing the bcyl mutation produce an altered protein kinase due to extremely low levels of the cAMP-binding protein. This altered kinase activates trehalase, resulting in low trehalose contents in these cells. In cell-free extracts of control strains ($288C and 7Q-2D), which produce normal levels of glycogen and trehalose, the enzyme trehalase is mainly found in an inactive, cryptic form. Each of the haploid strains containing one of the mutant genes (glcl, glc4-1 and bcyl) is defective in both trehalose and glycogen accumulation and exhibits low activation ratios of trehalase by protein kinase. Genetic complementation experiments clearly establish that the bcyl mutation involves a different gene to that altered by the glcl mutation, since the resulting diploid behaved normally. Strain AM9-10D, previously classified as wild-type (normal for bcyl ), is defective in the accumulation of trehalose and glycogen and exhibits almost all trehalase in the active form.
SUMMARY Independently discovered mutations which alter cyclic-AMP dependent protein kinase activity in
Saccharomyces cereoisiae are analysed in relation to trehalose and glycogen storage. The defective trehalose and glycogen accumulation in strains which bear the glcl mutation results from abnormal activation of trehalase by a protein kinase which has partially lost its cAMP dependence. Cells bearing the bcyl mutation produce an altered protein kinase due to extremely low levels of the cAMP-binding protein. This altered kinase activates trehalase, resulting in low trehalose contents in these cells. In cell-free extracts of control strains ($288C and 7Q-2D), which produce normal levels of glycogen and trehalose, the enzyme trehalase is mainly found in an inactive, cryptic form. Each of the haploid strains containing one of the mutant genes (glcl, glc4-1 and bcyl) is defective in both trehalose and glycogen accumulation and exhibits low activation ratios of trehalase by protein kinase. Genetic complementation experiments clearly establish that the bcyl mutation involves a different gene to that altered by the glcl mutation, since the resulting diploid behaved normally. Strain AM9-10D, previously classified as wild-type (normal for bcyl ), is defective in the accumulation of trehalose and glycogen and exhibits almost all trehalase in the active form.
INTRODUCTION
Two lines of investigation have recently converged, resulting in the independent discovery of mutations which alter cyclic-AMP dependent protein kinase activity in the yeast Saccharomyces cerevisiae.
Firstly, Panek and colleagues [1] [2] [3] , studying strains which bear the glcl mutation [4] established that defective trehalose and glycogen storage in these strains resulted from abnormal activation of trehalase by a protein kinase which had partially lost its cAMP dependence. The preliminary observations of cAMP effects on trehalase activity [5, 6] have recently been confirmed by the demonstration that inactive (cryptic) trehalase is activated by a cAMP-dependent protein kinase [71.
Secondly, three groups of yeast mutants requiring cAMP for normal growth on glucose medium were isolated [8] [7] .
MATERIALS AND METHODS

Yeast cultures
The genotypes of the various strains used in this study are listed in Table 1 . The diploids were obtained in our laboratory. Glycogen was detected by staining the colonies directly on plates with a 0.2% 12 in 0.4% KI solution. Non-proliferating conditions and trehalose determinations were carried out as previously described [2] . For trehalase determinations, cells were grown in a medium containing 1.3% yeast extract, 2% glucose, 0.2% ammonium sulphate and 0.2% KH2PO 4 at pH 5.2 and 28°C, on a rotary shaker operated at 160, and harvested at the end of the first log phase of growth. The cell pellets were washed twice with cold water, suspended in 0.05 M phosphate buffer (pH 6.2) containing 0.6 mM EDTA and 1 mM NaN 3, and disrupted with glass beads (0.45 mm diameter) in a Braun shaker. The homogenates were centrifuged at 1000 x g for 10 min and the resulting supernatant solution was centrifuged again at 38 000 x g for 30 min. An adequate sample (10-20 mg/ml protein) of the resulting supernatant solution was added to the activation mixture which contained 2 mM ATP, 20 mM MgC12, 50 ~M cAMP, 50 mM NaF, and 5 mM theophylline, prepared in 0.05 M phosphate buffer (pH 7.5) in a final volume of 0.1 ml. Controls in the absence of cAMP were included. The reaction mixtures were incubated at 30°C for 10 min and interrupted by adding 0.3-0.4 ml of 0.05 M maleate buffer (pH 6.0) containing 2.4 mM EDTA. Trehalase activity and glucose determinations were as previously described [3] . Protein was estimated by the method of Lowry et al. [9] using bovine serum albumin as the standard.
RESULTS
The purpose of the present communication is to clarify relationships between genes regulating trehalose and glycogen storage and genes associated with cAMP metabolism and action. Table 2 summarizes results of genetic complementation experiments in which bcyl mutants were crossed with two types of mutants deficient in glycogen and trehalose accumulation. The glc4-1 mutant which was isolated by Pringle [10] lacks glycogen and fails to accumulate trehalose under non-proliferating conditions. The mutant genes glcl and glc4-1 are unlinked (not shown).
Extracts of control strains, $288C and 7Q-2D, which produce normal levels of glycogen and trehalose, contain a trehalase which is mainly in an inactive, cryptic form. Addition of cAMP to these extracts activates a protein kinase which, in the presence of ATP-Mg, converts cryptic trehalase to active trehalase. The activation ratios (trehalase activity with cAMP/trehalase activity in the absence of cAMP) are 21-fold and 8-fold, respectively, for the two strains. In contrast, each of the haploid strains containing one of the mutant genes (glcl, glc4-1 and bcyl ) is defective in both trehalose and glycogen accumulation and exhibits low activation ratios (1.0 to 2.2).
When the bcyl haploid was crossed with either a glcl or a glc4-1 haploid, the resulting diploids (CL9 and NT4) behaved normally, indicating that neither glc gene is allelic to bcyl.
The comparison of strains from the Japanese stocks (AM9-10D and AM9-8B) with our strains was complicated by the presence of an additional gene in the former, which alters both carbohydrate storage and trehalase activation. Strain AM9-10D, previously classified [8] as wild-type (normal for bcyl ), is defective in the accumulation of trehalose and glycogen and exhibits no significant amount of cryptic trehalase. Conceivably, this strain contains a pdel (absence of phosphodiesterase I) gene which was found in certain cultures of the Japanese stocks [11] .
We have also obtained from the Japanese group a culture of strain GS1-36 which we have designated GS1-36/2. When we compared this culture with our own stock culture of GS1-36, we observed major differences as shown in Table 3 . As controls we used a glycogen-positive revertant, GS1-36R1, and the normal parental strain $288C. Only strain GS1-36 exhibited clear glycogen and trehalose deficiencies. In contrast, strains GS1-36/2 and GS1-36R1 produced large amounts of trehalose during growth as can be seen from the time zero column of Table 3 . Unlike wild-type strain which accumulated additional trehalose when incubated with glucose in non-proliferating conditions, the trehalose content of strain GS1-36/2 was substantially reduced under the same conditions. Although homogenates of strain GS1-36/2 contained more active trehalase than wildtype, the enzyme exhibited activation by cAMP with an activation ratio of 4.7. Evidently strain GS1-36/2 has undergone a secondary mutation, either at the glcl locus or in a suppressor gene.
Although the normal phenotype was not entirely restored, the lower level of trehalase activity measured in the absence of cAMP and a positive glycogen test indicate that some restoration of the cAMP-dependent kinase has occurred.
putative wild-type, is defective in accumulation of both trehalose and glycogen requires further investigation. It could be important to re-evaluate some of the results of Uno and colleagues to ensure that the defective gene(s) present in this strain does/do not contribute to some of the phenotypes they have attributed to other genes.
DISCUSSION
The data presented in Table 2 clearly establish that the bcyl mutation involves a different gene to that altered by the glcl mutation. Our previous evidence [3] indicates that glcl strains contain a protein kinase with substantially decreased dependence on cAMP for activation. It appears very likely that the glcl mutation alters the affinity of the regulatory subunit (R) for the catalytic subunit (C) in the complex R2C 2 so that low levels of cAMP suffice for full dissociation and activation of the catalytic unit. Uno et al. [7] have presented evidence that the CYR3 mutation alters subunit R so as to decrease its affinity for cAMP. Thus glcl and CYR3 mutations seem to alter the same regulatory protein in different ways. In this connection it would be of interest to determine whether the dominant mutant gene CYR3 is allelic to glcl.
Mutation glc4-1 represents a new addition to the growing list of mutations which alter trehalose and glycogen metabolism. Preliminary biochemical studies indicate that this mutation is not involved in cAMP metabolism, so it is unlikely that it is allelic to either the pdel or the IAC mutations which suppress the cAMP dependence of CYR3
strains [8] . Finally, the finding that strain AM9-10D, a
